In this paper, we present a series of experiments on the automated classification of Cassin's Vireo individuals from song phrases using support vector machines and from sequences of song phrases using hidden Markov models. Experimental results show that accurate classification of bird individuals can be achieved using these two different levels of description of bird songs.
Introduction
Understanding the structure and function of bird songs is a long-sought goal in ecology research. Recent advances in sensor arrays, machine learning and computational linguistics finally make the achievement of this goal feasible. Understanding bird songs may also prove helpful in guiding the construction of artifacts that possess high-level communication abilities.
Over the last few years we have collected very large amounts of bird song recordings from acoustic sensor arrays in a variety of natural settings. This data have been processed by localizing source with beamforming, then filtering out noise, identifying events of interest, and then classifying them according to species and individual, and combining that with behavioral observations in a large database.
Our previous work on acoustic classification of birds has been successful at recognizing several species of antbirds and antbird individuals in a Mexican rainforest, Taylor (2009), Trifa et al. (2008) . These birds possess quite simple, but distinctive, songs which are thought to be innate. In contrast, songbirds have a vocal organ highly developed that normally produce the relatively long and complicated vocalizations which are usually learnt, Catchpole and Slater (2008) .
Particularly, the work presented here aims at exploring to what extent the methods we have used in the past are able to address and conduct the classification of songbird individuals. Further, it would be very useful for our research goals to understand the classification capabilities and limitations of sensor arrays when dealing with different levels of description of bird songs -song phrases, sequences of song Classification of individuals by SVMs was conducted using the Weka package, Witten et al. (2011) . A radial basis function (RBF) kernel was used for the experiments. 10-fold cross-validation was conducted to find appropriate kernel parameters. Training was performed using the obtained kernel parameters on the training set. Testing was conducted using data samples not included in the training set. The classification results obtained in our experiments are in Figure 3 .
Identifying Cassin's Vireo individuals from sequences of song phrases using HMMs
Samples of 44 songs represented by sequences of phrases from each of the 12 individuals were included in the data set. Classification of individuals by HMMs was conducted using the Accord package http://accord.googlecode.com/. The Baum-Welch training algorithm was used for the experiments. A collection of training and validation experiments was conducted using this dataset. The classification results obtained in our experiments for each of the CaVi 12 individuals are presented in Figure 3 . Results for HMMs are shown in gray, while those for SVMs in black. In nearly all cases the precision of classification was high -90% or better. The HMMs appear to achieve slightly higher precision for practically all phrase types except for two, where there results were quite poor, only 40-50%, while the SVM results remained high throughout.
Conclusions
Here we show that is feasible to discriminate songbirds individuals with similar accuracy from different levels of descriptions of birds songs -on the one hand, using their spectral and temporal acoustic features, and on the other hand, using the composition of their sequences of phrases. The results presented are currently being analyzed by computational-linguistic tools to identify the syntax of the songs, and combined with information about the context in Figure 3 : Classification of CaVi individuals. HMMs are shown in gray, those for SVMs in black which they occurred, then analyzed by new software methods to identify the meaning of those songs. These methods will draw inferences from those meanings and explore consequences for individual and community ecology.
We believe this work will contribute to the recognition of very sophisticated signaling strategies and syntactic structures in non-human species. In addition, the work reported here can contribute to expand the range of engineering with voice recognition and classification, which so far has been restricted almost exclusively to humans. They hold promise to elucidate the fundamental properties of bird language. These results could then be useful to make progress on enabling high-level communication in artificial agents.
